Abstract Naproxen is one of the mostly used drugs worldwide and is most abundant in wastewater. This study aims to adsorb naproxen from wastewater using magnetically modified carbon-based adsorbents. These adsorbents have very large specific area for naproxen adsorption, and magnetite modification provides easy separation and regeneration. The co-precipitation method was used for magnetic modification. Adsorption process was carried out in batches. The effect of adsorption variables was investigated. Langmuir, Freundlich, and Dubinin-Radushkevich isotherms were applied to the equilibrium data. The maximum adsorption capacities of adsorbents from Langmuir isotherm were found as 20.75 mg/g for magnetic multiwall carbon nanotubes and 87.79 mg/g for magnetic activated carbon. Pseudo-first-order kinetic model, pseudosecond-order kinetic model, intra-particle diffusion model, and Bangham model were used for determination of adsorption mechanisms. The rate-limiting step is electron exchange between the adsorbent and adsorbate. Both film diffusion and intra-particle diffusion occur while the adsorption process. DG°, DS°, and DH°were calculated for the process.
Introduction
The usable water resources are decreasing with increasing world population. The irresponsible consumption and environmental pollution accelerate the decrease in resources. The pollutions consist of various industrial wastes and human disposals. Pharmaceuticals are very dangerous pollutants because they are potentially bioactive chemicals in environment (Kümmerer 2001) . The pharmaceutical wastes spread to the environment via both industrial and human residuals. The most used pharmaceuticals are analgesics, anti-inflammatory drugs, antipyretic, and antibiotics (Rivera-Utrilla et al. 2013) . Especially, the analgesics and antipyretic are mostly used in daily life. Naproxen is one of the most used drugs in the world. Naproxen can be detected in wastewater, surface, and groundwater. Naproxen is released to the water in different ways such as urine and improper disposal (Im et al. 2013 ). There are different kinds of separation methods for removal of pharmaceutical residuals from water. Adsorption, nanofiltration, and advanced oxidation processes are the few of the most used methods (Bui et al. 2013) . The most preferred method is adsorption because this process can be applied easily and the surface properties of adsorbents can be modified according to the adsorbate. This increases adsorption efficiencies.
Magnetically modified adsorbents are attracting the attention of researchers. Fe 3 O 4 (magnetite), c-Fe 2 O 3 (maghemite), and a-Fe 2 O 3 (hematite) are the most used magnetic particles (Xu et al. 2012) . These magnetic nanoparticles can be used alone, and they can be used as composite, with other adsorbents, such as alumina, activated carbon, and carbon nanotubes. Elwakeel (2014) used molybdate-oxoanions-immobilized magnetic chitosan for arsenate adsorption. Namvari and Namazi (2014) were clicked graphene oxide and Fe3O4 nanoparticles together for removal of methylene blue and Congo red. Qu et al. (2007) loaded Fe 3 O 4 nanoparticles on multi-walled carbon nanotubes (MWCNTs). And they used MWCNT/nanoFe 3 O 4 for electrochemical sensor. Do et al. (2011) produced activated carbon/Fe 3 O 4 nanocomposite for methyl orange adsorption. Yang et al. (2014) prepared iron oxidehydroxyapatite nanocomposites for lead adsorption. Magnetic nanoparticles have large specific surface area and small diffusion resistance (Shariati et al. 2011) . The separation of adsorbents from the heterogeneous adsorption mixture after the equilibrium can be very difficult. The magnetic adsorbents can be used to overcome this problem (Bayazit and Kerkez 2014) . Different adsorbents were used for naproxen adsorption. Hasan et al. (2013) prepared metal-organic frameworks (MIL-101) for this purpose and functionalized this material with acidic and basic groups. Baccar et al. (2012) prepared activated carbon from olive-waste cakes, and they adsorbed ibuprofen, ketoprofen, naproxen, and diclofenac onto this low-cost adsorbent. Attia et al. (2013) used zeolite-coated magnetic nanoparticles for removal of pharmaceutical compounds. Domínguez-Vargas et al. (2013) adsorbed carbamazepine, naproxen, and trimethoprim on Amberlite XAD-7. Lü et al. (2012) used three different activated carbons for removal of trace naproxen from water. The activated carbons are coal carbon, apricot carbon, and coconut carbon.
The naproxen was adsorbed on a wide variety of adsorbents, in previous studies. Also, different kinds of magnetic nanoparticles were investigated. However, magnetically modified multi-wall carbon nanotubes and activated carbon have not been investigated previously. The high adsorption capacities of multi-wall carbon nanotubes and activated carbon are known. These adsorbents were modified with magnetite and hence became magnetically separable. The objectives of this study were to prepare magnetic nanocomposites: magnetite ? MWCNT and magnetite ? AC, and to investigate the effects of adsorption variables such as adsorbent amount, contact time, initial pH, ionic strength, temperature, and naproxen concentrations on adsorptive removal of naproxen.
This work was realized in Chemical Engineering Laboratory, Istanbul University, in January 2014.
Materials and methods

Materials
MWCNTs were purchased from Shenzhen NANO Tech. Port. Co. Ltd. (China). The length of MWCNTs is 1-2 lm, and the purity is [98 %. The specific surface area is 100-120 m 2 /g. The activated carbon (AC), FeCl 3 Á6H 2 O, FeSO 4 Á7H 2 O, and ammonia solution (25 %) were purchased from Merck. And naproxen was obtained from Sigma-Aldrich.
Methods
Preparation of magnetic MWCNT and magnetic AC composites
The co-precipitation method was used for preparing magnetic MWCNT composite. The MWCNTs were kept in an oven at 350°C for 30 min, for cleaning the amorphous carbon. The catalyst particles in MWCNTs have been cleared by oxidizing with concentrated HNO 3 in an ultrasonic bath for 100 min, and then washed with deionized water till the pH reached 7 and, then, dried at 60°C. The mixture of Fe(II) and Fe(III) was prepared. The preparation ratio is 1:2. The mixture and the MWCNTs were suspended in 200 ml of deionized water. The mass ratio of (MWCNTs: Fe 2? ?Fe 3? ) must be 1:4. The co-precipitation method was carried out at ultrasonic bath. 8 M NH 4 OH solution was used as precipitation agent. This procedure was carried on till the pH of the mixture reached 11-12. The co-precipitation reaction of Fe 3 O 4 is:
The process was continued for 30 min at 50°C under mechanical stirring. The magnetic adsorbent separated from the solution by NdFeB magnet and was washed with deionized water and ethanol. The M-MWCNTs were dried at 60°C in a vacuum oven (Qu et al. 2007) . Magnetically modified activated carbon (M-AC) was produced as if M-MWCNTs (Bayazit and Kerkez 2014) .
The characterization of magnetic nanoparticles
The surface characterizations of M-MWCNT and M-AC were made by X-ray diffraction (XRD) [Rigaku D/Max-2200 diffractometer (Cu K a radiation with k = 0.15418 nm)], thermogravimetric analysis (TGA) (Shimadzu TG-50A), and scanning electron microscopy (SEM) (FE-SEM, FEI Quanta FEG 450 at 30 kV and 200,000 mag) analysis. The solid addition method was used for determining the point of zero charges (pH pzc ) of the adsorbents (Ai et al. 2011) . In this method, the adsorbents were mixed with KNO 3 solution at different pH values (2-11). The mixtures were shaken for 48 h. After the adsorbents removed from the solution, the final pH values were analyzed using pH meter (Mettler Toledo S-20 K). The DpH = pH f -pH i and pH i plot was drawn for determining the pH pzc . The intersection point of DpH = 0 and curve gave the pH pzc (Ai et al. 2011) . FTIR (Bruker Alpha spectrometer) analyses were performed before and after the naproxen adsorption.
Adsorption experiments
The adsorption experiments were carried out in batch mode by mixing a specific amount of adsorbent and 10 mL of naproxen solution in the stoppered conical flask under constant shaking (120 rpm) in a thermostat shaker. The effects of contact time, amount of adsorbent, initial naproxen concentration, pH, and temperature of the naproxen solutions were investigated.
The equilibrium time of adsorption was between 0-240 min. The amount of adsorbent was chosen as 3 mg, and the naproxen solution concentration was 10 mg/L. The adsorbent amount range was chosen as 1-10 mg. The concentration range was chosen as 1-30 mg/L for the effect of initial naproxen concentration experiments. And at these concentration intervals, the temperature effect was investigated. 20°C, 30°C, 40°C, and 50°C were chosen for determining the temperature effect and thermodynamics calculations. Five different pH values were used to investigate the pH effect; these values were between 3 and 11. The 0.1 M NaOH and 0.1 M H 2 SO 4 were used for pH adjusting.
The effect of ionic strength was investigated adding different concentrations of sodium phosphate (1-100 mmol) into the naproxen solution (10 mg/L).
The naproxen concentration was analyzed by UV-Vis spectrophotometer (PG Instruments) at 230 nm (Hasan et al. 2012) . The uptakes of adsorbents (Q e , mg/g) were calculated by the Eq. 2.
where C 0 and C e (mg/L) are initial concentration and the equilibrium concentration of naproxen, respectively. V (L) is the volume of the solution. m (g) is the amount of adsorbent.
Results and discussion
The characterization of M-MWCNT and M-AC
The synthesized materials were characterized using XRD, TGA, SEM, and pH zpc . The XRD patterns of MWCNT, M-MWCNT, AC, and M-AC can be seen in Supporting Fig. 1(a) and ( naproxen. The initial naproxen concentration was chosen as 10 mg/L. The adsorption capacity of M-MWCNT is 7.5 mg/g, while the amount of adsorbent is above 5 mg, and the maximum adsorption percentage of naproxen is 47.58 % at 7.1 mg of M-MWCNT. The naproxen adsorption capacity of M-AC is 79.77 % (11.61 mg/g). The adsorption capacity of M-AC is greater than M-MWCNT.
The effect of contact time
The constants of the effect of contact time experiments are as follows: the concentration of naproxen solution 10 mg/ L, the adsorbent dose 3 mg, and the solution pH 5. The time duration of the experiment is 0-240 min. The results of the effect of contact time on naproxen adsorption are given in Fig. 2 . Adsorption takes place rapidly for both of the adsorbents at the first 30 min. Then, the adsorption rate slowed, and after 150 min, the system reached equilibrium. The results of the contact time experiment were used to calculate the adsorption kinetic models, pseudo-first-order model, pseudo-second-order model, Weber-Morris intraparticle diffusion model, and Bangham model.
The effect of initial pH of naproxen solutions and ionic strength
The effect of solution pH on naproxen adsorption was investigated. The results of pH effects experiments are given in Fig. 3 . The pH range is 3-11. The naproxen concentration is 10 mg/L. As shown in Fig. 3 , the increasing pH leads to decrease in adsorption uptake. The yield of naproxen adsorption on M-MWCNT decreased from 67.20 % (pH 3) to 9.74 % (pH 11). And the yield of naproxen adsorption on M-AC decreased from 87.26 % (pH 3) to 15.29 % (pH 11). It is seen that the acidic pH is more suitable for naproxen adsorption. The adsorption efficiency decreased with the increasing pH. Domínguez-Vargas et al. (2013) reported the same relation between the pH of naproxen solution and adsorption uptake. This behavior can be explained using the terms of pK a of naproxen and pH zpc of adsorbents. The pKa value of naproxen is 4.15 (Baccar et al. 2012) . If the pK a [ pH, naproxen is a neutral compound and non-electrostatic interactions occur. If pH [ pK a , the naproxen is negatively charged. It is well known that the surface of carbon is neutral at pH = pH zpc , negatively charged at pH [ pH zpc , and positively charged at pH \ pH zpc (Baccar et al. 2012) . As shown in Supporting Fig. 4 , the pH zpc values of M-AC and M-MWCNT are 6.8-7. It means the surface of adsorbents at acidic medium charges positively. In addition, naproxen is neutral at acidic medium. Therefore, the adsorption occurs by hydrogen bonding and van der Waals interaction (Domínguez et al. 2011) . At the basic medium, both of the naproxen and the surface of adsorbent are negatively charged and the electrostatic repulsion occurs. This leads to decreasing adsorption uptake (Baccar et al. 2012) .
The ionic strength effect is shown in Supp. Figure 6 . The ionic strength was modified by Na 3 PO 4 . The concentrations of Na 3 PO 4 vary between 1 and 100 mmol. As shown in Supp. Figure 6 , the naproxen adsorption capacity decreases with the increasing sodium phosphate concentration. The adsorption percentage of M-AC decreased from 13 to 4.28 %. For M-MWCNT, these values were betweeen 12.52 and 6.98 %.
Adsorption isotherms
The adsorption isotherm data were obtained at four different temperatures (293, 303, 313, and 323 K). The concentration range is 1-30 mg/L. The adsorption equilibrium 3) was applied to the experimental data.
The slope and the intercept of the (C e /q e -C e ) plot provide K L (L/mg) and Q m (mg/g). M-AC and M-MWCNT followed the Langmuir isotherm. The Langmuir isotherm parameters are given in Table 1 and Fig. 4a and b . It was seen that the theoretical adsorption capacities (Q m ) of M-MWCNT decreased with increasing temperature, 20.75 mg/g at 293 K and 8.06 mg/g at 323 K. The same behavior was observed for M-AC. The Q m value is 87.79 mg/g at 293 K and 22.46 mg/g at 323 K. The adsorption mechanism depends on the Langmuir isotherm can be explained that the adsorption performs at monolayer and finite number of adsorption sites. Baccar et al. (2012) used activated carbon prepared from agricultural byproduct (olive-waste cakes) to adsorb pharmaceuticals, and their theoretical adsorption capacity is 39.5 mg/g. Hasan et al. (2013) used metal organic frameworks for naproxen adsorption, and they reached 131 mg/g of adsorption capacity, and when they used activated carbon, they obtained 81 mg/g of naproxen adsorption capacity. Ghosh et al. (2013) used superparamagnetic Fe3O4 nanoparticles bearing aminated b-cyclodextrin. Their obtained adsorption capacity was 1.656 mg/g. The second isotherm used in this study is linearized Freundlich isotherm (Freundlich 1906) .
In Eq. 4, K f is the adsorption constant and n is a constant about the capacity and intensity of adsorption. The Freundlich isotherm results are given in Table 1 and Fig. 4c and d . The fitting ratio of M-MWCNT is lower than of M-AC. In the Freundlich parameters, if 1/n closes to zero and n is higher than unity, it shows the favorable physical process (Ghaedi et al. 2012 ). According to the explanation, adsorption on M-MWCNT and M-AC shows the favorable physical process.
The last adsorption isotherm applied in this study is Dubinin-Radushkevich isotherm (Eq. 5) (Dubinin 1947) .
where Q s is the theoretical monolayer saturation capacity (mg/g), B is the Dubinin-Radushkevich model constant (mol 2 /kJ 2 ). e is the Polanyi potential (Eq. 6). E is the mean adsorption energy (kJ/mol) (Eq. 7) (Amin 2009 ). The results of D-R isotherm are shown in Table 1 and Fig. 4e and f. The naproxen adsorption for both of the adsorbents is fitted to the D-R isotherm. It can be seen from the adsorption energies in Table 1 that the chemical adsorption occurred between the adsorbents and naproxen.
Adsorption kinetics
The pseudo-first-order kinetic model (Lagergren 1898) , pseudo-second-order kinetic model (Ho and McKay 1999) , Weber-Morris intra-particle diffusion model (Weber 1963) , and Bangham model (Nethaji et al. 2013) were applied to the kinetic data. The results are given in Table 2 and Fig. 5a-d . The pseudo-first-order kinetic model was proposed by Lagergren for analyzing the kinetics of adsorption. It can be expressed in its linear form as (Eq. 8):
where q e (mg/g) and q t (mg/g) are the amounts of adsorbed adsorbate at equilibrium and at time t, respectively, and k 1 (min -1 ) is the rate constant of pseudo-first-order adsorption (Amin 2009 ). The adsorption mechanism of both adsorbents is fitted to pseudo-first-order kinetic model. Generally, pseudo-first-order kinetic model is used for explaining the first step of adsorption (Amin 2009) .
Eq. 9 describes the pseudo-second-order kinetic model. In Eq. 9, k 2 (g mg/min) is the rate constant and q t (mg/g) is the adsorption uptake at time t. The slope of the t/q t -t plot gives the q e , adsorption capacity, and the intercept of the plot gives k 2 . Both of the adsorbents were fitted to pseudosecond-order kinetic model. The rate-limiting step is the electron exchange between naproxen and adsorbent surface (Qiu et al. 2009 ). The adsorption of naproxen on M-AC and M-MWCNT was a chemisorption process involving valence force through the sharing or exchange of electron between adsorbate and adsorbent species (Nethaji et al. 2013 ).
Eq. 10 describes the intra-particle diffusion model. In Eq. 10, k i (mg/g/min) is the diffusion constant. Both of the adsorbents fit to this diffusion model. If the C = 0, the adsorption carries on intra-particle diffusion, but if C = 0, the adsorption carries on both film diffusion and intraparticle diffusion. The adsorption mechanism performs both film diffusion and intra-particle diffusion (Bayazit and Kerkez 2014) .
Bangham equation is used for determining the slowest step in the adsorption process (Nethaji et al. 2013 ) (Eq. 11).
Bangham model is given in Eq. 11. In the equation, C 0 (mg/L) is the initial concentration of naproxen in the solution, V (L) is the volume of the solution, m (g/L) is the weight of the adsorbent used per liter of the solution, q t (mg/g) is the amount of the adsorbent retained at time t, and a and k o are constants. Both of the adsorbents fit to Bangham model. Linear plot shows that the diffusion of adsorbate into the pores of adsorbents is not the only ratecontrolling step (Tütem et al. 1998 ).
Thermodynamic study
The thermodynamic parameters are given in Supp. Table 1 , and the van't Hoff plots are given in Supp. Figure 7 . DG°, DS°, and DH°were calculated. The Gibbs free energy changes in the adsorption were determined using Eq. 9. K d = q e /C e . The enthalpy changes (DH°) and entropy changes (DS°) were calculated using van't Hoff equation (Eq. 10).
In Eqs. 12 and 13, R value is 8.314 J/mol K. As shown in Supp. Table 1 , the enthalpy change in the adsorption mechanisms for both of the adsorbents is exothermic. The adsorption of naproxen on M-MWCNT and M-AC is spontaneous because the DG°values are negative. The DG°values of M-MWCNT vary between -6.47 and -1.07 kJ/mol. The increasing temperature caused increase in DG°value. The same behavior can be seen in DG°values of M-AC. The DG°values vary between -3.37 and -1.00. This result shows that the temperature increase decreases the spontaneity. The isotherm data show that the maximum uptake of adsorbents decreases while the temperature increases. The DS°values of M-MWCNT and M-AC are negative, too. According to DH°values, both of the adsorption processes are exothermic. DH°value of M-MWCNT is -86.13 kJ/mol, and DH°v alue of M-MWCNT is -38.02 kJ/mol. This result shows that while naproxen adsorbed on the adsorbents, randomness was decreased on the surface.
Conclusion
The M-MWCNT and M-AC were used for naproxen adsorption. For M-AC, the adsorption efficiency of naproxen reached 87.79 % at 293 K and pH 5. The adsorption efficiency of M-MWCNT was 67.20 % at 293 K and pH 3. The M-AC is more efficient adsorbent than M-MWCNT. The reason for this result is the difference in surface acidity. M-AC is more acidic than M-MWCNT. The naproxen behaves neutral as told above, so the adsorption capacity of M-AC is higher than of M-MWCNT. The thermodynamic behavior of both of the adsorbents is exothermic. Both of the adsorbents followed the Langmuir isotherm and pseudo-second-order models.
